Purpose of Review In this article, we review existing research addressing how environmental regulations have influenced the pulp and paper industry. These regulations appear in different forms and designs and address air and water pollution as well as climate change. The paper devotes particular attention to how various regulations have affected sustainable technological change and the prospects for inducing deep emission reductions without jeopardizing industrial competitiveness and future investments. Recent Findings Experiences from key pulp and paper regions, not least the Nordic countries, suggest that gradually tightening performance standards have contributed to radical reductions in emissions, e.g., chlorine compounds and biological oxygen demanding agents, and without imposing excessive compliance costs. This outcome can largely be attributed to how the regulations have been designed-and implemented-in practice, as well as to the presence of efficient and legitimate institutions. Long-term emission reduction targets, in combination with extended compliance periods and trustful firm-regulator relationships, contributed to radical technological innovation and permitted radical emission reductions without excessive compliance costs. The development of alternative bleaching technologies is an apt example. In contrast, the impact of carbon pricing schemes, including the EU emissions trading scheme, on carbon dioxide emissions reductions and related technological change in the pulp and paper industry has however been modest. Self-regulation, certification, and community pressure have exerted relatively modest influences on the environmental performance of the industry. Summary Important avenues for future research are identified. These include the following: (a) comparative research on how policy mixes in various countries have influenced environmental compliance and innovation; processes; (b) future studies of environmental regulations, their design and implementation, in emerging pulp and paper producing countries, not least China; and (c) research on how environmental regulations can affect ongoing restructurings in the industry towards a broader palette of products in biorefineries.
Introduction
The environmental impacts of the pulp and paper industry have been significant throughout the twentieth century and are still serious. This resource-and capital-intensive industry contributes to many existing environmental problems, including global warming, human toxicity, ecotoxicity, photochemical oxidation, acidification, nutrification, and the generation of solid wastes [1, 2] . Increased concerns over such environmental issues, not least air and water pollution and climate change, have led to the introduction of new as well as more stringent environmental policies.
These policies include both regulations in the form of performance standards (emission limit values) [3] , technology requirements [4, 5] , as well as various incentive-based instruments such as taxes/charges and tradable emission allowances [6, 7] . In addition to these, it is also important to consider the role of voluntary approaches [8••] and self-regulation [9] , which often forms part of corporate sustainability strategies. Occasionally, market demand, community pressure, and/or the threat of imposing stringent regulations in the future could This article is part of the Topical Collection on Forest Policy, Economics, and Social Research be central drivers for efforts to improve environmental performance at the company level.
Environmental regulations influence the current practices and the future opportunities of the pulp and paper industry, not least since the industry is highly export-dependent and competes in global markets. In fact, while regulations are necessary for reducing the environmental impacts of current operations, lengthy permitting processes and inflexible standards could also lead to increased uncertainty about the future business opportunities, and even hamper the incentives to pursue more radical, sustainable technological change [10••] . Notably, for the industry and transport sectors, the transition to a bio-based economy largely hinges on the development of so-called advanced biorefineries, which based on flexible intake of various bio-based materials permit the production of large quantities of bulk products along with various highvalue products, such as specialty chemicals and materials [11, 12] . This development is particularly relevant for the incumbent industry, which, instead of using the forest raw material exclusively for the production of pulp and paper products, also could produce low-carbon transportation fuels (e.g., biodiesel), green chemicals (e.g., organic acids), and various substances used in the construction industry (e.g., ligninconcrete mixes) [13••] . This suggests, thus, that stringent environmental regulations can pose both opportunities as well as threats for achieving future environmental improvements.
The purpose of this article is to synthesize the existing research addressing how environmental regulations have influenced the pulp and paper industry so far. We devote particular attention to how such regulations have affected sustainable technological change as well as the prospects for achieving deep emissions reductions without jeopardizing industrial competitiveness and future investments. Indeed, the pulp and paper industry is an interesting case in this respect. Experiences from developed countries, not least the Nordics, suggest that such green transitions have been possible while at the same time avoiding excessive compliance costs and permitting increased production [e.g., 3, 14••] . This outcome, the present article illustrates, can largely be attributed to how regulations have been designed-and implemented-in practice, as well as to the existence of efficient and legitimate institutions, including trustful relationships between regulatory authorities and industry representatives.
In the article, we highlight research on environmental policies that currently regulate-or have regulated-emissions into air and water in the pulp and paper industry. This not only permits an emphasis on key policy design and implementation issues but also implies that we do not address studies that ex ante assess the impacts of hypothetical policy changes, e.g., [15] . As shown below, the empirical research reviewed in this paper has often had a strong focus on discharges into water of biological oxygen demanding (BOD) agents, phosphorous, and chlorine compounds. Some studies also address policies regulating emissions into air, e.g., sulfur dioxide and nitrogen oxides. Although the emphasis is on local environmental pollution, we also include references to the regulation of carbon dioxide emissions, including the European Union Emissions Trading Scheme (EU ETS). However, we do not discuss recent research explicitly addressing policies aiming at improved energy efficiency in the pulp and paper industry, e.g., energy taxes, information programs, and voluntary agreements (e.g., [16, 17] ). In addition, we do not discuss the impact of environmental enforcement and monitoring activities on compliance behaviour; a few empirical applications to the pulp and paper industry do exist (e.g., [18] ).
Finally, geographically, there is a strong focus in the article on the pulp and paper industries in the developed world, in particular the Nordic and the North American countries. Occasionally, however, some contrasting cases from, for instance, other EU Member States and China are also included. This focus largely reflects the availability of relevant studies, not least in the light of our emphasis of ex post regulatory experiences. The environmental regulation of the Swedish and Finnish has gained significant research interest, also among several non-Nordic scholars. Other EU Member States are not well-researched, in part because the pulp and paper industry has been less dominant in these countries compared to the forest-rich Nordic countries.
The article proceeds as follows. In the next section, we outline some key conceptual points of departure for the review. The remainder of the article then discusses the empirical evidence on the roles of self-regulation and community pressure, the effectiveness of various types of environmental regulations and policy instruments, and the impact of environmental regulations on industrial competitiveness and technological change and innovation. The article ends with a discussion of key implications and some important avenues for future research.
Conceptual Points of Departure
The environmental regulation of natural resource-based industries, such as the pulp and paper sector, involves difficult trade-offs. While most pollution taxes and standards often will induce the adoption of incremental emission reductions, government regulators increasingly face the challenge of imposing emission reduction targets for the future that cannot be met by employing currently existing ("off-the-shelf") technologies [19, 20] . In the latter setting, profound process changes are needed, and the chosen regulatory approach has to maintain strong, continuous incentives for emission reductions while at the same time taking into account the risk of excessive compliance costs for industry. In the short-to medium-term, there exists therefore a trade-off between stringent environmental policies on the one hand and competitiveness on the other [10••, 21] . This is a particular concern in the pulp and paper industry (and other sectors) that competes in global markets. Indeed, even though the global forest industries are likely to play an important role in the transition to a zero-carbon economy, climate policies (and other environmental regulations) are often perceived as a threat to industrial competitiveness. For instance, in the beginning of the 2000s, the European pulp and paper industry lobbied against the introduction of the EU ETS [10••] .
The relationship between environmental regulation and industrial competitiveness has been the subject of considerable debate in the academic literature over the past two decades. Much of this discussion has centered on the so-called Porter hypothesis [22] . This hypothesis states that properly designed environmental regulations will (a) stimulate environmental innovation and technological change (the weak version of the hypothesis) and (b) increase not only the environmental performance but also the economic performance in terms of profits, productivity, etc., of industries (the strong version) [23] . For our purposes, it should be noted that empirical applications to the pulp and paper industry have gained a prominent place in this debate, and previous studies have investigated both the strong and the weak version of the Porter hypothesis (see further below).
Over the long run, a move towards sustainable industrial transformation requires that new and more environmentally benign technologies are developed and widely adopted. For this reason, regulatory approaches that stimulate technological change and that permit flexibility over time in identifying, developing, and demonstrating new technology will be of central interest in the transition towards deep emission reductions (e.g., [3, 24] ). However, there appears to be meager evidence of one type of policy instrument being superior to others in terms of promoting sustainable technology choice and innovation. Specific policy designs, various implementation strategies, and institutional contexts, which typically have evolved over several decades, may matter just as much [25, 26] . In fact, the entire setup and organization of the regulatory systems, e.g., negotiation and time strategies and trust, have proved to be decisive for the effectiveness of environmental regulations [e.g., 4, 27] .
In the remainder of this article, we first briefly address the role of self-regulation and then cover environmental regulations in three contexts: (a) their effectiveness in terms of encouraging emission reductions; (b) their impacts on competitiveness and technological change; as well as (c) the importance of well-functioning institutions. This thematic structure of the paper implies that the same regulations may be discussed multiple times (but in different contexts). The paper identifies and discusses a number of prerequisites for an efficient and legitimate transition towards deep emission cuts in the pulp and paper industry.
Self-regulation, Certification, and Community Pressure
In the 1980s, self-regulation, based on codes of environmental management practice, emerged as an alternative to traditional government regulations [28, 29] . Through private or other non-governmental schemes, companies voluntarily commit to improve environmental management practices beyond regulatory compliance. In the global forest industries, such agreements have included, for instance, the U.S. Sustainable Forestry Standard Initiative (SFI), the international environmental management standard ISO 14001, and the Forest Sustainable Council Standard (FSC), among others [30] .
The empirical evidence about the effectiveness of selfregulation on industrial environmental performance is however overall mixed [9, 31] . Some scholars have found that coregulation systems that include both voluntary private initiatives as well as mandatory state measures may hold particular benefits both to state and industry actors [32, 33] . Still, many scholars have been skeptical about the effectiveness of industry codes of conduct, and about whether these could be used as protection against more stringent standards [34] .
The dominating stream of research has rather focused on examining why firms adopt voluntary standards and diffusion patterns [35, 36] rather than scrutinizing the impacts on environmental performance. For instance, Lennox and Nash [29] analyze self-regulatory programs in four different US industrial sectors and address the potential problem of adverse selection, i.e., that the more polluting companies tend to join voluntary programs. However, for the US pulp and paper industry, the results suggested the opposite; companies that had joined the (SFI) program in 1994 polluted less in 1996 compared to companies that had chosen not to participate.
A number of studies have investigated the impacts of the adoption of international ISO 14001 standards on environmental performance in industry (e.g., [30, 36] ). However, although there exist several studies that investigate the role of self-regulation and the adoption of certification schemes in forestry [37] [38] [39] , applications to the pulp and paper industry are surprisingly scarce. Gunningham and Sinclair [40] examine the adoption of ISO 14001 standards in the Australian pulp and paper industry and suggest that such a regulatory approach could impose unnecessary costs on businesses; it may even result in less, and not more, favorable environmental outcomes. Barla [41] investigates the adoption of the ISO 14001 standard in the pulp and paper industry of Quebec. By using monthly data for 37 plants over the period 1997-2004, he shows that this certification had modest impacts on environmental performance. In a recent study, Bergquist and Keskitalo [8••] compare the development of regulatory regimes in the Swedish forestry sector and the country's pulp and paper industry. The authors conclude that while the forestry sector was deregulated in the 1990s, and with preference given to self-regulation, the emissions from the pulp and paper industry continued to be regulated. Even though close to 100% of the industry's output has been manufactured under ISO 14001 and/or the European so-called EMAS scheme, CEOs in the Swedish pulp and paper industry perceived government regulation as the more significant driver for reduced emissions.
Finally, while previous research suggests that certification schemes have played a modest role for emission reductions in the pulp and paper industry, there are studies that emphasize the role of consumer demand and community pressure. Indeed, in Sweden, conflicts over pulp mills' emissions into air and water can be traced more than 100 years back in time [42] . The most prominent example, it is often argued, is the introduction of alternative bleaching technologies in northern Europe during the 1980s and 1990s. This process gained momentum in the mid-1980s after the U.S. Environmental Protection Agency detected dioxins downstream from pulp mills producing bleached pulp [43] .
A number of studies argue that community pressure and green consumerism were key drivers in the transition to chlorine-free pulp production [44] [45] [46] [47] . Popp et al. [44] conclude that in particular, the Nordic pulp and paper mills responded by launching the necessary development and modification processes well before any regulations were in place. Reinstaller [46] argues that the increase in green consumer demand in Europe was in turn related to the ability of various policy entrepreneurs, not the least Greenpeace, to link the pulp bleaching issue to already perceived environmental threats. In fact, other research suggests that the diffusion of alternative bleaching technologies in the South Asian and Australian pulp industries during the 1990s also benefitted from the actions of these non-governmental actors [48] . Nevertheless, the transfer of technology to South Asia was much helped by the presence of Nordic pulp technology firms in the region [48, 49] . In other words, environmental regulation, the argument goes, lagged behind, but was eventually encouraged by both public pressure and the availability of alternative bleaching technologies. Still, as noted in the next section, this conclusion has been challenged in more recent research, which instead emphasizes the importance of environmental regulation in accomplishing lower emissions of chlorinated organic compounds as well as stimulating innovation in alternative technologies, such as oxygen delignification and advanced batch cooking.
Pressures to improve environmental performance may also come from the capital market. In a study of the US pulp and paper industry, the author provides empirical support for the notion that the debt capital market view pollution-intensive industries to be high-risk investments since firms with poor environmental performance (in terms of the amount of toxic chemicals released to land, air and water) may face major liabilities in the future [50] . For this reason, the market applies an environmental risk premium to the cost of debt capital for the average firm in the US pulp and paper industry. As noted below, though, government regulations have typically had more significant impacts on environmental performance than the capital market.
The Effectiveness of Environmental Regulations
Since the advent of modern environmental policy, standardbased regulations have dominated over market-based instruments such as taxes and tradable emissions allowance schemes. In some instances, such as in the regulation of the North American pulp and paper industries, the standards have relatively often been technology-rather than performancebased [4, 5, 43, 51] . By design, the technology-based standards provide no leeway to undertake other (low-cost) measures and could even force the adoption of suboptimal technologies. Instead, performance standards do provide such flexibility, which is essential due to the presence of firmregulator information asymmetries where mills typically know better than the regulator what it will cost to reduce emissions using various abatement measures (and/or a mix of several ones) [3] . This section begins with a discussion of the role of performance standards in regulating water and air pollution. We then devote specific attention to the heterogeneous development of alternative bleaching technologies in the USA and the Nordic countries, respectively. In this transition, the distinction between performance and technology standards was essential along with other important regulatory design issues. We end with a discussion of the impacts of regulations of carbon dioxide emissions.
Performance Standards and Water and Air Pollution
The use of performance standards has been the dominating regulatory approach for the Nordic pulp and paper industries. Empirical studies that have addressed the impact of such standards on emissions reductions tend to focus on water discharges, and they adopt both quantitative and qualitative methods. While the former approach can detect general patterns, the latter permits studies of the dynamics of regulatory implementation and industry responses at a greater depth. Quantitative studies in both Finland and Sweden confirm that performance standards have indeed affected discharges of BOD agents and phosphorous and chlorine compounds [52, 53] . Even though the actual discharges often have been well below the standards, the emission limit values nevertheless imposed binding constraints on the regulated emissions. One reason for this is that mills may be unable to perfectly monitor emissions and will therefore pollute below the standard in order to avoid the risk of non-compliance and any penalties that would follow from this. Brännlund and Löfgren [54] illustrate such rational behaviour in the empirical context of the Swedish pulp and paper industry (see also [55] for a related analysis using data for the US pulp and paper industry).
Furthermore, there is typically also a gradual tightening of these standards, and anticipation of more stringent regulatory conditions in the future. This result is confirmed in a number of case studies [3, 14••, 24, 26, 56-59] . The Swedish case studies in particular emphasize the important role of flexibility in compliance strategies. Even if the key regulatory authority in Sweden, the so-called Licensing Board of Environmental Protection, often advocated a particular abatement technology, its members emphasized that this should not be stipulated in the final regulatory conditions [3] . The pulp and paper mill had the possibility to use other methods if any shortcomings could be proved with the suggested technology and more effective methods could be developed. In this way, the Board maintained the regulatory strategy to permit flexibility in compliance strategies, while at the same time requiring emission levels to comply with the performance of best available technology (BAT). The Swedish case studies also illustrate the importance of using extended compliance periods [14••, 60••]. By allowing such intertemporal flexibility, thus reducing investment uncertainty and permitting companies to test various R&D and demonstration routes, the affected mills could accept the increased uncertainty associated with a more ambitious performance standard in the future. Moreover, long compliance periods also made it possible for companies to coordinate environmental and productive investments.
The conclusion that government regulations have constituted an important determinant of environmental performance in the pulp and paper industry gains supports also in North American studies. In one study using technology choice data for 686 paper mills in the USA [61] , the authors find that more stringent air and water regulations had a positive impact on the adoption of abatement technologies. They also report that abatement and productive investment tend to be concentrated in the same years, thus implying that regulations permitting flexibility in terms of the timing of compliance ought to facilitate the process of environmental compliance. In another study, interviews with Canadian managers of pulp and paper companies confirm that government regulations have had a far more profound influence on environmental compliance than consumer demand and the financial markets [62] .
Furthermore, previous studies emphasize that the engagement of the top-level management and the environmental education of employees and other in-house resources (e.g., R&D capabilities) are key drivers of efficient responses to environmental regulations. These factors are discussed in two Canadian studies [62, 63] and in one recent, comparative study of pulp and paper firms in Finland, Germany, Sweden, and the USA [64•]. The latter study concludes that there appear to be important differences across firms in these countries in terms of their knowledge and ability to pursue changes in the production processes. Moreover, it also shows that the more stringent and transparent regulations in the Nordic countries compared to the USA did lead to significant environmental improvements already during the end of the 1980s.
Even though research on environmental regulation in pulp and paper industries outside North America and the EU Member States is quite scarce, it is worth noting that an increasing number of, in particular, Chinese studies have emerged during the last few decades [65, 66, 67•] . A study of the Chinese pulp and paper industry during the country's period of economic reform (1980s-1990s) has highlighted the small size of Chinese mills (e.g., [65] ), which made it difficult to implement modern pollution control technologies developed in Europe or North America. Still, China now has the world's largest production of pulp and paper with modern technology. Some of the more recent research on China uses indices of eco-efficiency and investigates how these indices have developed with the introduction of stricter environmental regulations [66, 67•] . Overall, the findings confirm that such regulations have induced significant environmental improvements, except for the case of carbon dioxide emission reductions where less progress has been made so far. These studies, though, devote very limited attention to the design and implementation of the relevant regulations.
While previous research confirms that performance standards have contributed to the adoption of new environmental technologies, the most significant influence has typically been reported with respect to end-of-pipe technologies, such as the activated sludge treatment. One reason for this could be that companies will typically find it difficult to anticipate upcoming regulatory decisions, thus making it difficult to plan forand pursue-process-internal options (see Similä [56] for evidence of this in the Finnish pulp and paper industry). Nevertheless, process-internal technology has a greater potential for combining cost savings and emissions reduction, e.g., by avoiding the add-on cost of operating the end-of-pipe technology and offering opportunities for material and energy efficiency savings. In this respect, the development of alternative bleaching technologies represents a particularly interesting case study, which is discussed in the next sub-section. In fact, an important reason for the research interest in this particular development has been that it represents processinternal technology; previous research on regulation-induced green technological development has otherwise had a significant bias towards the study of end-of-pipe technologies [68] .
The Transition Towards Chlorine-Free Pulp Production
While pressures from consumers and the public played a role in the pulp and paper industry's transition to chlorine-free pulp production, recent research shows that this role has often been overrated in previous literature. As noted above, the consumer market for chlorine-free paper products emerged in the late 1980s following the news that dioxins would be formed also in the manufacturing of bleached chemical pulp [44] . Bergquist and Söderholm [51] show, though, that at this point in time, long-term collaborative R&D activities in the Swedish pulp and paper industry, largely induced by earlier regulations and perceived cost savings, had already resulted in important technological advances in alternative bleaching technologies. These technological solutions could then constitute the basis for new regulatory conditions. In fact, only a few months after the dioxin alarm broke in 1986, negotiations were underway for the introduction of new, technologyforcing standards on Swedish pulp and paper mills [14••] . In other words, these regulations preceded rather than trailed the increase in consumer demand for chlorine-free paper products. As pointed out below, the more stringent performance standards induced not only technology adoption but also innovation in alternative bleaching technologies and particularly so in Sweden.
Existing literature shows that the alternative bleaching technologies diffused earlier and more rapidly in the Nordic countries, especially in Sweden, compared to North America (e.g., [46] ). Bergquist and Söderholm [51] contrast the transition to chlorine-free pulp production in the Swedish and the US pulp and paper industries and conclude that the tradition of technology-based standards in the USA resulted in a situation where the country's pulp mills were locked-in to end-of-pipe abatement technologies (see also [4] ). Other studies have also pointed out that even though performance standards could be used in the US system, they typically did not involve long-term targets [43] . In contrast, the capacity of the Swedish pulp and paper mills to respond effectively to the dioxin alarm was underpinned by the country's regulatory strategy to facilitate process-internal changes in the industry. This was achieved through the combination of gradually tightening standards, long-term targets, and extended compliance periods [3, 14••] .
Finally, recent research also puts in doubt the bundling of the Nordic countries in the chlorine transition process. The pulp and paper industries in both Sweden and Finland have constituted cornerstones in the respective economies [69] , and both countries have earned an international reputation when it comes to taking the lead in reducing environmentally harmful industrial emissions into air and water. Still, Finland moved more slowly than Sweden with respect to the reduction of chlorine compounds [14••] . Such substances were not even mentioned in Finnish licensing conditions before 1989, at the time when targets for AOX emissions already had been set in Sweden [70] . In Finland, more stringent standards were introduced first in 1993.
The Regulation of Carbon Dioxide Emissions
While the above investigations have had a strong focus on performance standards regulating the emissions of local pollutants, it is important to recognize that climate policies now play an increasingly important role for the pulp and paper industry. These policies are generally of a relatively recent date, e.g., the EU ETS was launched in 2005, but the global pulp and paper industry achieved quite substantial carbon dioxide emission reductions already during the 1980s following the oil crises in the 1970s. These reductions were achieved through the substitution of electricity and biomass for oil as well as through improved energy efficiency [71] .
Climate policies come in many forms, such as support schemes for renewable energy sources, which have benefitted investments in biomass-based electric power generation in the Nordic pulp and paper industries (e.g., [6] ). The most direct way of regulating carbon dioxide emissions, however, has been the use of taxes or tradable emissions allowance schemes. For instance, prior to the introduction of EU ETS, Sweden introduced a tax on carbon dioxide emissions, and this has contributed to carbon dioxide reductions in the country's pulp and paper industry [72, 73] . Interestingly, carbon intensity performance responded both to changes in the carbon tax and the fossil fuel price but was more sensitive to the tax, thus suggesting the presence of a signaling effect from the tax.
When introduced in 2005, the EU ETS was the first EUwide regulation of carbon dioxide emissions from the pulp and paper (and other energy-intensive) industries in the Member States. Still, the effectiveness of this scheme in terms of providing incentives for significant emission reductions has overall been low, much due to low allowance prices during extended periods. Evidence of this has been reported for, for instance, the pulp and paper industries in Germany, Norway, and Sweden [7, 74•, 75] . In fact, the most profound impact of EU ETS on the industry has been in terms of increased wholesale electricity prices [6] . So far, however, the European pulp and paper industries have primarily focused on incremental improvements in operations rather than on more radical, long-term zero-carbon solutions (see also [76] ).
Finally, stringent regulations of carbon dioxide emissions in the US pulp and paper industry essentially do not exist. In the USA, proposals for a national emissions trading scheme in carbon dioxide (e.g., the so-called Waxman-Markey bill) failed to gain support in the Congress, and instead, the U.S. Environmental Protection Agency (EPA) has made efforts to implement (tradable) performance standards for carbon dioxide within the realms of the existing regulatory regime, the Clean Air Act [77] . However, this approach has now resulted in a legal battle in which the US industry and trade associations argue that the U.S. EPA lacks the authority for pursuing this regulation.
Environmental Regulation, Competiveness, and Technological Change
The strong and the weak versions of the Porter hypothesis have constituted an important point of departure for previous research on the relationship between environmental regulation and competitiveness in the pulp and paper industry. In this section, we review this research in the context of pulp and paper production, focusing on the impact of regulations on the following: (a) productivity and profits (the strong version) and (b) technological innovation (the weak version).
Environmental Regulation and Productivity
Empirical studies of the strong version of the Porter hypothesis have primarily used quantitative data, e.g., at mill-, company-, or industry-level, to investigate the relationship between the stringency of various environmental regulation and productivity, profits, and/or efficiency (e.g., [21, 23] ). Regulatory stringency is operationalized in different ways, such as using data on emission limit values or estimates of pollution abatement costs. For instance, in a study on the US pulp and paper industry [78] , the authors report negative consequences of environmental regulation-in this case measured as pollution abatement costs-on total factor productivity (TFP). Related empirical applications, using plant-level data, exist also for the Nordic countries [79, 80, 81 •], some focusing on TFP development and others on changes in profitability. Another strand of research has employed aggregate data at the industry level for EU Member States [82, 83] . The results are overall mixed, some suggesting that there is negative relationship between existing regulations and productivity/profits (e.g., [79, 82] ) while others report a corresponding positive (or non-significant) relationship [81, 83] .
The state-of-the art research typically adopts a so-called parametric distance function approach, which assumes that pulp and paper mills are multi-output units, thus generating both "goods" (pulp and paper) and "bads" (emissions). This approach permits the estimation of the "shadow price" of pollution, i.e., the change in revenues due to constraints associated with, for instance, emission limit values [21] . A negative shadow price indicates increased costs associated with a more stringent environmental regulation (and vice versa). Another advantage of this approach is that companies are allowed to be inefficient in their use of productive resources, implying that one can also study the correlation between efficiency and environmental regulations.
Two early studies apply the distance function approach in the empirical contexts of the Finnish and Swedish pulp and paper industries, respectively [84, 85] . These both focus on the regulation of the emissions of BOD agents in water bodies and conclude that the resulting emissions reductions were associated with net costs for the affected companies. Hence, this indicates a rejection of the strong version of the Porter hypothesis. This result has overall been confirmed in several more recent studies on the North American and the Nordic pulp and paper industries, both concerning the regulation of local pollutants and the pricing of carbon dioxide emissions [86] [87] [88] [89] [90] . One reason for this is that environmental regulations do not only incur costs in terms of pollution abatement equipment; the compliance process also involves significant transaction costs that divert time and energy away from productive activities (see [91] for a discussion of such costs in the US pulp and paper industry).
Still, there are exceptions to the findings that reject the strong Porter hypothesis. For instance, in a recent study, the authors employ a distance function approach to the German manufacturing industry and conclude that the EU ETS increased the economic performance (in their case efficiency) of regulated firms in the paper industry [92] .
Environmental Regulation and Technological Innovation
Even though there is meager empirical evidence in support of the strong Porter hypothesis in the pulp and paper industry, there is also little suggesting that environmental regulations have (so far) had profound adverse effects on industrial competitiveness; this result holds true also for other industrial sectors [93•] . There are likely several reasons for this. One is simply that the existing regulations have not been stringent enough to generate very negative impacts on productivity and/or employment. For instance, the so-called Cluster Rule in the USA, i.e., the country's first integrated multimedia (air and water) regulation aiming at toxic releases from pulp and paper mills, has only had modest impacts on labor demand in the industry [e.g., 94]. Another reason is that regulations have influenced not only the adoption of existing pollution abatement technologies but also the innovation and the development of new and improved green technologies, in turn lowering the total costs of complying with existing and future regulations. This signifies the weak version of the Porter hypothesis for which there is plenty of support in the empirical context of the pulp and paper industry (see [14••, 24, 26, 60 ••] and below).
The fact that the empirical evidence typically rejects the strong version of the Porter hypothesis, when at the same time indicating plenty of support for the weak version, should not come as a big surprise. In an industry, there are likely to exist several-not yet identified-productivity-enhancing measures that could be undertaken if the companies allocated enough resources (e.g., staff hours, pilot plant tests) to search for these. The weak version builds on the far from controversial notion that such search efforts, guided by the environmental regulations, will generate new ideas and solutions. The strong version, though, rests on the notion that these same search efforts will generally lead to larger total productivity improvements compared to the corresponding search efforts that companies would have pursued in the absence of the same regulations.
Over the past 45 decades, several important technological developments resulting in environmental improvements have emerged, e.g., increasing the dry content of black liquor, biological and tertiary wastewater treatment (such as activated sludge treatment), and chlorine-free bleaching [24] . In fact, since the 1980s, the industry has witnessed the growing importance of environmental issues as one of the dominant factors stimulating technological innovation [95] . Overall, process innovation has been more important than product innovation [26] .
Several of the Finnish case studies address the innovation impacts of the regulation of the pulp and paper industry. This research shows that the country's performance standards during the 1990s contributed to the development of and improvements in clean technologies, e.g., the activated sludge technology [24] . Kivimaa [26] notes that a prerequisite for this development, in Finland as well as in the Nordics as a whole, was the introduction of gradually tightening and predictable standards that spurred the exploration of new technological developments. Still, the innovation impacts were generally more significant with respect to end-of-pipe technology compared to process-internal technology [56] . One reason for this is that the (long-term) targets were not always stringent enough to encourage the development of process-internal solutions [57] .
The existence of regulation-induced environmental innovation has been even stronger in the Swedish pulp and paper industry. This is reflected in two recent quantitative studies [60••, 96] ; both reports support for the weak Porter hypothesis and relate this to the flexible Swedish regulatory approach involving a mix of flexible, long-term standards and the use of extended compliance and probation periods. Qualitative country case studies confirm this result [2, 58, 97] , and these emphasize that the involvement of Swedish government authorities and publicly funded research institutes in industrywide R&D projects and facilitated the development of process-internal abatement technology. In particular, Swedish pulp producers pioneered the development of several core process technologies for chlorine bleaching during the 1970s and 1980s, including oxygen delignification, advanced batch cooking, and ozone bleaching [4, 98] .
The development of a green innovation system in the Swedish pulp and paper industry stands out in an international comparison [14••, 27, 51] . For instance, Smith [99] notes that during the 1990s, shared and centralized research in the US pulp and paper industry was limited, as was joint governmentindustry research projects. This, Smith argues, handicapped environmental innovation activities in US industry. A similar observation can be made in relation to Finland. Compared to Sweden, joint green R&D projects have been fewer in the Finnish pulp and paper industry, in part due to a more diversified and value-added product mix [14••] . The Swedish industry has instead been more homogenous with large-scale production of low value-added products such as sulfate pulp. For this reason, the Swedish pulp and paper mills faced similar problems and the same regulatory pressure; it therefore made sense to share the risks and costs involved in the greening of their production processes [97] . Herbert-Copley [63] argues that collaborative R&D was important for the adoption of alternative bleaching technologies also in the Canadian pulp and paper industry.
Finally, while the above illustrates that environmental regulation has had profound impacts on green innovations in the pulp and paper industry, we see much more limited evidence of policy-induced innovation in the climate field, e.g., as a result of EU ETS. A few industry case studies addressing the innovation impacts of the EU ETS exist, including empirical research on the pulp and paper industries in Germany [75] , Italy [100] , and Sweden [101•]. In Sweden, both the domestic carbon dioxide tax and, thereafter, the EU ETS only imposed low carbon prices, thus resulting in modest innovation impacts. The German study uses survey data and concludes that innovation activities in the pulp and paper industry have mainly been influenced by market developments; the EU ETS (and other climate policies) only had modest innovation impacts [75] . These impacts were also lower for the technology providers than for the pulp and paper producers. Nevertheless, the majority of the German pulp and paper companies expected the stringency of the regulatory climate policy framework on innovation to increase by 2020 and onwards. Gulbrandsen and Stenqvist [74•] discuss these results and argue that the reliance of survey data may miss critical aspects of corporate responses to the EU ETS.
This section has illustrated how the same type of policy instrument, i.e., performance standards, will interact with other policies (e.g., R&D support), as well as be embedded in various complex institutional and organizational arrangements that often have evolved over long time periods. This will in turn generate different outcomes in terms of the adoption and development of green technology. This conclusion gains support in a Dutch review of previous research addressing the relationship between environmental policy instruments and innovation in the pulp and paper industry [102] . It is also worth mentioning that while the existing theoretical literature typically concludes that pollution taxes and tradable emission allowance schemes are superior in terms of promoting innovation [103] , the empirical evidence is in fact mixed. The experiences from the pulp and paper industry instead suggest that ambitious performance standards and extended compliance periods could provide profound incentives for technological change and innovation, while at the same time avoiding excessive compliance costs for competitive industrial sectors in the short-term. In fact, economic policy instruments, such as carbon pricing, have so far been less successful from this perspective.
The Institutional Context for Decision-Making
It should be clear that regulatory approaches to industrial pollution go beyond just identifying individual policy instruments, e.g., taxes or performance standards. As illustrated above, these approaches also concern the design of instruments, such as flexibility in terms of technological choice and time of compliance, as well as the existence of complementing instruments, such as public funding of green R&D projects and demonstration plants. The latter will be particularly important for achieving radical emission reductions through knowledge accumulation and transfer. In this section, we review research that has provided evidence of the importance of the entire set up of the regulatory system, such as emphasizing the role of informal norms, forms of relationship between regulators and industry, and social trust.
Previous research confirms that countries tend to have different regulatory styles and cultures in the environment field [104] . Distinct national institutions, including historically shaped firm-government relations, will contribute to specific contexts for implementation of environmental regulations. This is particularly important given that such regulations, including performance standards, normally are the outcome of case-by-case licensing procedures, thus involving direct negotiations between the regulator and the industrial polluter.
Empirical studies show that such institutional factors have influenced how the pulp and paper industries in various countries have responded to environmental regulations. In one study of the environmental performance of a number of pulp and paper mills in Australia, Canada, New Zealand, and the USA, the authors attempt to link the outcomes to various observable factors, including corporate management and the stringency of regulations [5] . Still, they conclude that differences in these factors across the mills could only provide a partial explanation to the environmental outcomes; many unobserved factors, such as regulatory styles and the form of firm-regulator negotiations, could be just as important.
Several studies investigating the Swedish pulp and paper industry have argued that its specific contextual and historically shaped conditions in many ways facilitated the transition to deep emissions reductions [3, 14••, 46] . In the previous section, we emphasized how this transition relied on, for instance, the involvement of government in industry-wide R&D projects, long-term emissions reduction targets, and the use of extended compliance periods. However, this regulatory approach would not have been possible, it is argued, without the consensual and expert-dominant regulatory style dominating in Sweden, in particular during the 1970s and the 1980s [27] .
One key illustration of this is the sharing of information among actors (e.g., about best available technology), in turn implying that new knowledge was advanced jointly and incrementally in close interaction between the pulp and paper industry, the environmental authorities, and the research institutions before the final performance standards were determined [27] . The Swedish approach also rested on high regulatory competence (e.g., participation of industrial engineers in the licensing committee's), in turn implying that the extent of firm-regulator information asymmetries was relatively limited [3] . As a result, increasingly stringent regulations could be introduced gradually without jeopardizing the long-run competitiveness of the industry. The importance of high regulatory competence is addressed also in a case study of the Norwegian pulp and paper industry [59] ; this author concludes that a common understanding between the regulatory authority and the affected firms-not least about the environmental problems and its possible solutions-is a prerequisite for a successful green industrial transition.
As noted above, environmental regulations developed earlier and more consistently in Sweden compared to Finland, e.g., as illustrated in the countries' responses to the dioxin alarm in the end of the 1980s [14••] . This heterogeneity across the two countries can in part be traced to political culture and power relations. In Finland, the pulp and paper industry gained significant political power during the twentieth century; its interests became more or less synonymous with the general national interest [105] . Environmental pollution issues became rather politicized, in part due the political divide between rural-based and urban-based interests [106] , and this delayed the introduction of a central administrative body that could address environmental regulation of the industry. In Sweden, though, the cooperative approach led to a more pragmatic political solution on how to address the industrial pollution problems by developing the existing industry structures through a combination of efficient environmental regulations and public funding of environmental R&D [14••] . The role of power and influence in understanding the impacts of environmental regulation is also addressed in a study of the Canadian pulp and paper industry over a 20-year period [107] .
Both Reinstaller [46] and Bergquist and Söderholm [51] argue that the relative efficiency of the flexibility in the Swedish regulatory approach relied on a high level of trust between the regulator and the polluting firms. The issue of trust in business-government relations is also raised by Bouvier [108] , who examines the regulation and environmental performance among eight pulp and paper mills in the state of Maine, USA. She concludes that the regulations, even if well-crafted, were partially undermined by the historically very powerful position of the pulp and paper industry in the region. Improving the relationship and trust between the regulatory agency's officers and the environmental managers can bring about a better understanding of the intent of the legal requirements, help find least-cost ways to achieve compliance, and reduce the sometimes antagonistic and confrontational atmosphere between these actors.
Discussion and Implications
In this article, we have synthesized lessons from previous research on the role of environmental regulation in (a) providing incentives for emissions reductions in the pulp and paper industry, (b) permitting environmental compliance without jeopardizing long-run competitiveness, and (c) inducing technological change and innovation that help reduce the costs of complying with increasingly stringent regulations.
At a general level, our review of existing empirical research, involving qualitative as well as quantitative studies, illustrates the complex economic and institutional mechanisms through which environmental compliance and innovation tend to develop. The debate about the role of environmental regulation in the greening of industry therefore needs to abstain from simplified normative notions about policy instrument choices (e.g., performance standards versus taxes) regardless of context. Regulatory designs, implementation strategies, and various institutional preconditions (e.g., social trust) will matter just as much. For instance, even though the existing economic-theoretical literature argues that pollution taxes and tradable emission allowances are superior to performance standards in promoting innovation, the experiences from the (Nordic) pulp and paper show evidence of performance standards promoting technological innovation.
In addition, in the case of environmental requirements that emerge from case-by-case licensing procedures, there is normally no simple, one-directional (stimulus-response) link between the regulator and the affected industry. Firms' compliance and technology adoption strategies will also be affected by multiple policies. The Swedish case studies illustrate the above points. The cooperative approach of sharing information implied that new knowledge was advanced jointly in close interaction between industry, environmental authorities, and research institutes before the final license was issued. Joint public-private R&D efforts were encouraged to develop and improve abatement technologies.
While this article primarily has discussed the experiences from past green transitions in the industry, it is important to recognize that today the global pulp and paper industry faces new challenges. These are related to the transition to a biobased economy [e.g., [109] [110] [111] , in which biological resources could contribute to carbon dioxide mitigation, circularity of resources, as well as offer new and better functions (e.g., higher stability, longer lifetimes, less toxicity). For instance, the European Union's so-called Bioeconomy Strategy endorses the development of novel biorefinery concepts [112] . These value chains involve not only the production of second-and third-generation biofuels for transportation purposes but also green chemicals and new materials from forest raw materials (replacing fossil fuel-based products) [13] .
This development implies new types of challenges, including the establishment of new business models and value chains [12] . Even though these challenges have not been directly addressed in this article, our review of existing research carries at least two important lessons for the ongoing bioeconomy development. First, the more radical greening of industrial processes for the production of a wider set of final products will be characterized by long development periods during which new technology-specific systemic structures, e.g., actor networks and institutions, need to be established. We have illustrated that the pulp and paper industry's efficient response to the environmental concerns emanating from the emissions of chlorine compounds was possible in part because the necessary green innovation system had already been put in place [27, 51] . The development of forest-based biorefineries will also require a mix of traditional regulations (and/or taxes) combined with deliberate public efforts to support R&D and various pilot and demonstration projects [113, 114] .
Second, the implementation of stricter environmental regulations, such as the relatively recent EU directive on sulfur emissions, is likely to shape the future of the pulp and paper industries in all parts of the world. As noted in the introduction to this article, such tightening regulations may pose both an opportunity and a threat to future sustainability transitions in the industry. For this reason, it is important to identify regulations that can facilitate future sustainability transitions (e.g., deep emission reductions, novel green value chains) without at the same time jeopardizing the competitiveness of the industry. Our review has shown that such green transitions have taken place without imposing excessive compliance costs and even permitting increased production. The environmental regulations that have made this possible typically possess a number of key characteristics. These include firm flexibility in terms of compliance measures, industry-wide R&D cooperation, knowledge transfer between public R&D support and technology adoption choices at the firm level, the use of extended compliance periods to permit experimentation, and high regulatory competence. In addition, in order to gain market benefits from the greening of the forest raw material supply chain, further attention should also be devoted to the complementary roles of traditional regulations on the one hand and voluntary initiatives on the other [10••].
Conclusions
Following the above, it should be clear that there is plenty of scope for additional conceptual and empirical research on the role of environmental regulations, including climate policies, in the global pulp and paper industry. We emphasize three important avenues for future research.
First, as shown above, the impacts of these regulations are highly dependent on the institutional context. Still, there is a need for comparative research addressing how the policy mixes of various countries have influenced the processes of environmental compliance and innovation in the industry. In fact, industry will often have to confront both emissions standards and taxes (or emission allowance schemes) at the same time. Furthermore, while it is virtually impossible to present a unanimous ranking of various types of regulations, e.g., performance standards versus technology standards (and pollution taxes), with respect to their innovation-stimulating effects, comparative research is needed to shed additional light on the importance of various regulatory designs and implementation strategies. In-depth historical studies are typically particularly well-suited in filling these research gaps by detecting the complexities within which environmental regulation and related contextual factors have been translated into variations of firm-level strategies, both among incumbents and new actors. The pulp and paper industry is particularly capital intensive, and pursuing radical technological shifts through R&D or even the adoption of off-the-shelf technologies in this industry takes time due to path dependencies and institutional lock-in. For this reason, studies of regulationinduced technological change often require a historical (long-term) perspective.
Second, so far, the existing empirical research has had a strong bias towards the Nordic countries and North America. Still, the global pulp and paper industry has changed significantly during the last decades, not least in terms of its innovation dynamics. The industry has witnessed the emergence of new actors in South America (Brazil) and Asia (China) and on top of that a lack of focused value chain strategies among the traditional companies in the Nordics and in North America (e.g., [12] ). Future research should address the role of environment regulation in these emerging countries, including how regulations have been-and still are-shaped by various institutional preconditions and constraints. The latter is important for our understanding of the extent to which key policy lessons from Europe and North America can be transferred to other countries and vice versa.
Third and finally, there is a need for new research on how to choose, design, and implement environmental regulations that can provide incentives for efficient transitions to sustainable production processes and products without however jeopardizing the competiveness of the industry. While this article has pin-pointed a number of lessons from previous green transitions, it is essential to consider in more detail how future-and in part already ongoing-restructurings of the pulp and paper industry towards a broader palette of products in biorefineries could be affected by environmental regulation and other policies. As emphasized above, well-designed and legitimate regulations could support these restructuring processes while regulations that are poorly designed and lack a recognition of the institutional context may instead pose threats.
